We study stimulated mode conversion and dynamics of Rabi-like oscillations of weights of guided modes in deeply subwavelength guiding structures, whose dielectric permittivity changes periodically in the direction of light propagation. We show that despite strong localization of the fields of eigenmodes on the scales below the wavelength of light, even weak longitudinal modulation couples modes of selected parity and causes periodic energy exchange between them, thereby opening the way for controllable transformation of the internal structure of subwavelength beams. The effect is reminiscent of Rabi oscillations in multilevel quantum systems subjected to the action of periodic external fields. By using rigorous numerical solution of the full set of the Maxwell's equations, we show that the effect takes place not only in purely dielectric, but also in metallic-dielectric structures, despite the energy dissipation inherent to the plasmonic waveguides. The stimulated conversion of subwavelength light modes is possible in both linear and nonlinear regimes. 324-328 (1936).
Introduction
Rabi oscillations are the periodic transitions (or revivals) between two stationary states of a quantum system driven by the periodic external field. This is purely resonant effect, whose efficiency strongly depends on the frequency detuning between the external field and own oscillation frequency of the quantum system. Since their prediction by I. Rabi in his seminal paper [1] , such revivals and related resonant phenomena have been studied in a variety of atomic, optical, and condensed matter systems [2] [3] [4] [5] . Especially fruitful was the extension of the concept of Rabi oscillations to various weakly guiding paraxial optical structures where light propagation is described by the famous Schrödinger equation that also governs the evolution of the wavefunction in quantum-mechanical systems [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In such paraxial structures, Rabi oscillations manifest themselves as the periodic energy exchange between linear guided modes of the multimode structure, stimulated by weak periodic modulation of the refractive index in the direction of light propagation that plays the role similar to that of the external driving field for multilevel quantum system. Besides purely fundamental aspects, in optical systems the interest to Rabi oscillations is explained by the potential rich practical applications of this effect for the controllable shaping of laser radiation. Rabi oscillations were observed in dynamical long-periodic gratings created in optical fibers [7, 8] , they were studied in various shallow multimode waveguides [9] and modulated periodic lattices [10, 11] . Especially interesting are realizations of Rabi oscillations in the two-dimensional systems, where longitudinal refractive index modulations may couple light modes with different topological charges [12] [13] [14] [15] [16] [17] . Notice, that sometimes equations, similar to those describing dynamics of Rabi oscillations, may be encountered in periodic guiding structures without any longitudinal variations [18, 19] .
So far, the dynamics of optical Rabi oscillations was analyzed mostly in the paraxial multimode guiding structures, where all characteristic scales (beam and waveguide widths) substantially exceed the wavelength. In this case the coupled-mode approach applied to the Schrödinger equation, governing light evolution, yields equations for mode amplitudes analogous to those for populations of levels in a driven quantum system. On the other hand, last decade has witnessed rapid advances in nanotechnologies that already allow fabrication of optical waveguides with subwavelength dimensions [20, 21] . Considerable waveguide depths can be achieved (strong guiding regime), so that eigenmodes of such structures also become subwavelength. Especially fruitful is the combination of dielectrics and metals allowing to confine light due to the excitation of surface plasmon polaritons (SPPs) [22] . In such structures one has to resort to solution of the full set of Maxwell's equations, since the paraxial approximation fails to describe light evolution. A general question arises -are Rabi oscillations possible in the modulated subwavelength structures and to which extent this effect can be used for shaping of narrow light beams?
In this paper we address Rabi oscillations in subwavelength dielectric and metal-dielectric waveguides and show that this effect persists at the subwavelength scales and can be used to control the modal structure of the output beams. Longitudinal modulation of the dielectric permittivity in the waveguide region results in a highly selective excitation of modes of proper parity, while efficiency of this process is controlled by the detuning of modulation frequency from the resonant value. Efficient mode conversion can be achieved at very short propagation distances 20 m m  .
The model and coupled mode theory
We consider the propagation of a TM-polarized light beam along the z -axis of a subwavelength waveguide with longitudinally modulated dielectric permittivity. The evolution of nonzero components of the electric
and magnetic
fields for selected polarization state is governed by the reduced system of Maxwell's equations:
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where we have excluded the longitudinal component z 0 y
¶ ¶ of the electric field for convenience; 0 e and 0 m are the vacuum permittivity and permeability; and w is the frequency of light. The function ( , )
x z e describes the relative permittivity of the guiding structure. In the case of dielectric waveguide we set
where bg e is the relative background permittivity. The function (2) describes the profile of Gaussian waveguide with width a and depth p , which oscillates along the propagation direction with the amplitude d and frequency z w . For convenience we denote dynamically varying part of dielectric permittivity as (1) and (2), it is instructive to consider the dynamics of this process using coupled-mode approach [6, 23] . In this approach we use Lorentz reciprocity formula We substitute fields in such form into reciprocity formula, integrate it with respect to transverse coordinate x , and, taking into account the orthogonality condition z ( )
, arrive to the coupled-mode equations for amplitudes ( ) n a z :
where z -dependent coefficients ( ) nm z  are given by:
Taking into account variation of lin sin( ) z z de w  along the propagation distance, one can see that energy exchange between modes n and m will be most efficient if the resonance condition 0 m n z b b w - = is satisfied, provided that the modes have the same symmetry, so that corresponding integral in the numerator of (4) is nonzero.
Numerical results and discussion
Rabi oscillations occur in multimode guiding structures. We search numerically for eigenmodes of the unmodulated ( 0) d = subwavelength Gaussian waveguide in the form { ( , ), ( , ) Figs. 1(a) and 1(b) , respectively. Modes are confined on the scale comparable with the wavelength l . The longitudinal field component is comparable in amplitude with the transverse field one. The symmetry of Maxwell's equations dictates that z E is antisymmetric for symmetric x E and that the number of nodes in z E always exceeds by one the number of nodes in x E . In the following, when we mention the parity of the mode, we refer to the shape of the x E component. The propagation constants of the eigenmodes depicted in Figs. 1(a) and 1(b) are given by
is the vacuum wavenumber. From the coupled mode equation [Eq. (3)], due to nonzero coefficient 13  , the coupling is expected to occur for the first and third modes with equal parity at . Notice, that efficient coupling between first and second modes is impossible for symmetric permittivity perturbations ( , ) ( , )
x z x z e e -= , since corresponding coupling coefficient 12  vanishes (coupling of these modes requires perturbations that break the symmetry of e , such as transverse oscillations of the waveguide center). (1) with finite-element method [24] . In Fig. 2(a) only the first mode was provided at the input, while in Fig. 2(b) only the third mode was provided. One can observe gradual transformation of the initial bell-shaped field distribution into three-hump distribution, characteristic for the third guided mode. In agreement with Eqs. So far, Rabi oscillations were considered only in dielectric guiding structures. The question arises whether similar effect can be observed in metal-dielectric waveguides, where the presence of metal allows to easily achieve light confinement at the subwavelength scales. We thus consider metal-dielectric-metal waveguide, whose permittivity is given by Eq. (2) . The shapes of eigenmodes of such a waveguide strongly differ from those in purely dielectric structures and the modes are more confined, but one still can see that the first and third modes are symmetric, while second mode is antisymmetric [ Figs. 1(c) and 1(d) ]. We found that despite losses in metal, the resonant longitudinal permittivity modulation in the dielectric region still results in efficient coupling between first and third modes in such a structure, as shown in Figs. 2(c) and 2(d) .
Finally, Rabi oscillations are possible in the presence of focusing nonlinearity in the dielectric. We account for nonlinear response of the material by assuming that permittivity (2) includes an additional term 
